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Solutions of ReS,~ undergo electro-oxidation at 0.5 V vs Ag|AgCI to give black, amorphous
ReS, via a process that can be reversed at —0.9 V. The oxidative polymerization can also be
effected chemically using either I, or ferrocenium as oxidants. X-ray absorption spectroscopy
(XAS) suggests that the phases Re,S; and ReS, are closely related structurally. The XAS
data were calibrated with studies on [ReS,]~ and crystalline ReS,. For both ReS,; and Re,S;
XAS data show the presence of both S>~ and S,%, with S~ being less abundant than S,%".
The presence of terminal sulfides (rre—s ~ 2.14 A) was ruled out by the EXAFS analysis.
Variable temperature EXAFS studies showed that ReS, and Re,S; convert to ReS, as
anticipated from the results of TGA experiments. These considerations, when taken together
with literature precedents, led to the reformulation of Re,S; as ReY(S)15(S,)1, and correspond-
ingly ReS, is formulated as ReY(S)1(S2)15. These two materials are proposed to be members
of a continuum of Re(S)15-1(S2)1-1.5 structures that differ in terms of their S,>7/S?>" ratio.
Chain structures accommodate these considerations and are consistent with a largely
reversible electrochemistry that regenerates ReS,™.
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Introduction

Transition metal sulfides (TMS) are immensely useful
materials. The preponderate motivation for their study
is associated with the utility of MoS, and related
materials as catalysts for the hydrodesulfurization
(HDS) of petroleum.>2 TMS have also been exploited as
candidates for secondary cathodes in batteries, technol-
ogy that was commercialized in the case of the Li—TiS;
battery.® Beyond these practical considerations, the
binary sulfides have attracted considerable interest for
their novel electronic properties, e.g., charge density
waves, quantum size effects, and superconductivity.* A
recent theory on the origin of life invokes a key role
played by Fe—S and Fe—Ni—S species.>6 Driven by the
intense interest in TMS, new binary phases continue
to be discovered and new synthetic techniques intro-
duced.”"11 In the preceding 20 years, several new TMS
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materials have been described, including TaSz,12 TasS,,3
Mo0S4.7,%* M0Ss 6,15 and nanotubes of MS; (M = Ti, Mo,
W).1016.17

TMS can be classified according to their degree of
sulfur—sulfur bonding. “Sulfur-rich” phases feature S—S
bonding, usually in the form of persulfido units (S,27),
the most famous example being FeS,. Some species,
illustrated by TaSs, have both per- and monosulfido
units. A second broad class of TMS includes materials
with isolated sulfide (S27) centers, e.g., MoS, and FeS.
Metal-rich phases such as TaszS, exhibit extensive
metal—metal bonding.'® Phases with low sulfur—metal
ratios are generally more thermally stable than the
sulfur-rich phases; thus, they are more amenable to high
temperature recrystallization techniques. The sulfur-
rich phases, on the other hand, are often thermally
labile with respect to the loss of sulfur, e.g., MoS3z and
Re,S7. Because such species are not readily crystallized,
they are often characterized by X-ray absorption spec-
troscopy (XAS), specifically extended X-ray absorption
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Figure 1. Structure proposed for Re;S; from initial EXAFS
analyses.?6:27

fine structure (EXAFS) and X-ray absorption near-edge
structure (XANES).

The sulfides of Re!® have attracted recent attention
because Re—S compositions are particularly active HDS
and hydrogenation catalysts.1%20 Single crystal X-ray
diffraction has shown that ReS, adopts a CdCl, struc-
ture distorted by a Re—Re bonding network.?122 Inter-
estingly, ReS; obeys the 18e rule, when one includes the
contributions of the localized Re—Re bonding. Beyond
ReS,, the only other generally accepted sulfide of
rhenium is Re,S;, which has been used for the hydro-
genation of difficult substrates that poison Pt metal
catalysts, e.g., NO and SO,.28 A mineral identified as
ReS (2 < x <3) has been reported but not characterized
crystallographically.?*

Dirhenium heptasulfide forms upon the acidification
of solutions of the perthiorhenate ion ReS,~ as well as
by treatment of Re,O; with H,S.25> Hibble et al. have
examined Re,S7 by Re- and S-XANES and EXAFS.26:27
These workers suggest that Re,Sy consists of persulfido
ligands exclusively, i.e., Res(S,)7 (Figure 1). Patterns in
the structural chemistry of metal sulfides suggest that
this structural proposal would be highly unusual. For
example, the oxidation state of Re35" is lower than even
ReS,. A reinvestigation of this material is reported
herein.

The present project began with a study of the redox
properties of ReS;~, whose metallo-organic chemistry
we have recently described.?®-31 Schafer et al. showed
that ReS,~ undergoes sequential reductions at —1.58
and —2.46 V vs Fc|Fc™,32 and Ciurli et al. reported these
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values as —1.12 and —1.99 V vs SCE.33 The oxidation
of ReS,~ has not been previously explored, although we
show here that it provides access to a novel sulfur-rich
material.

Experimental Section

Materials and Methods. Elemental analyses and ther-
mogravimetric analysis (TGA) were conducted at the School
of Chemical Sciences Microanalysis Laboratory. TGA mea-
surements were performed on a Perkin-Elmer TGA7 and were
conducted under an atmosphere of nitrogen or helium. Scan-
ning electron microscopy (SEM) and X-ray energy dispersive
spectroscopy (XEDS) were performed on a Zeiss DSM 960 at
the Frederick Seitz Material Research Laboratory. EtyNReS,
was prepared following our recent modification of a method
described by Exxon.3* ReS; was purchased from Cerac and was
examined by powder X-ray diffraction and inductively coupled
plasma (ICP) elemental analysis. Anal. Calcd for ReS;
(found): Re, 74.38 (75.37); S, 25.62 (25.65). The manufacturer
provided corroborating powder X-ray diffraction and elemental
analysis data. Re,S; was purchased from Aldrich; powder
X-ray diffraction analysis showed that this material was
indeed amorphous. Anal. Calcd for Re;S7 (Found): Re, 62.39
(62.01); S, 37.61 (35.40).

Chemical Synthesis of ReS, by I, Oxidation. A solution
of 0.531 g (1.19 mmol) of EtyNReS, in 30 mL of MeCN was
added dropwise to a solution of 0.093 g (0.733 mmol) of I, in
30 mL of MeCN. A black precipitate formed immediately. The
solid was collected by filtration and washed with MeCN and
Et,O and dried in vacuo. Yield: 0.22 g (60%). Anal. Calcd
(Found) for ReS4: C, 0(5.25); H, 0(0.88); N, 0 (1.07); Re, 55.39
(50.48). Attempts to remove the CHN impurities involved
grinding the material in a N, box followed by a Soxhlet
extraction in MeCN for 12 h which provided a material with
a lower CHN content. Anal. Calcd (Found) for ReSs: C, 0
(4.91); H, 0 (0.80); N, 0 (0.59); Re, 59.21 (54.40).

Chemical Synthesis of ReS, by Fc' Oxidation. A
solution of 0.505 g (1.13 mmol) of Et4NReS, in 30 mL of MeCN
was slowly added over 5 min to a solution 0.30 g (0.91 mmol)
of (CpzFe)[PFs] in 30 mL of MeCN. The resulting black
precipitate was collected by filtration and washed with MeCN
and Et,0 and dried in vacuo. Yield: 0.20 g (59%). Anal. Calcd
(found) for ReS4: C, 0 (3.75), H, 0 (0.37), N, 0 (0.38), Re, 55.39
(55.14). Attempts to remove the CHN impurities involved
grinding the material in a N, box followed by Soxhlet extrac-
tion with MeCN for 12 h, which provided a material with a
lower CHN content. Anal. Calcd (Found) for ReSs: C, 0 (3.06);
H, 0 (0.36); N, 0 (0.0); Re, 59.21 (55.24).

Electrochemical Synthesis of ReS,. The cyclic voltam-
metry experiments were performed with a Bioanalytical
System BAS-CV 50W electrochemical analyzer in an Ng-
purged 10 mL single compartment glass cell. The working
electrode was either glassy carbon or Pt foil. The reference
electrode was a Ag|AgCl, KCI (satd) electrode, and the counter
electrode was Pt wire.

In one experiment, a stirred 4 mM solution of EtuNReS, in
8 mL of MeCN (0.1 M BusNPFs) was maintained at 0.6 V vs
Ag|AgCI for 2 min. After this time, a black coating had
accumulated on the Pt electrode. The reversibility of the
electrodeposition was demonstrated by removing the coated
electrode and rinsing it in air with MeCN, inserting the
electrode into a fresh MeCN solution (0.1 M BusNPFs), and
applying a potential of —900 mV which resulted in the black
layer dissolving over 30 s and providing a faint purple solution.
The presence of ReS,™ in solution was confirmed by UV—vis
spectroscopy (Amax = 508 nm).

Bulk electrochemical synthesis was performed in a 100 mL
cell with a piece of 2 cm? Pt foil as the working electrode. The
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saturated solution of EtyNReS, in MeCN (0.1 M BusNPFg) was
held at 0.6 V vs Ag|AgClI for 100 s. The electrode was then
removed and washed with MeCN and dried in air. The black
material was removed from the electrode with a razor blade
and thoroughly dried in vacuo overnight. Analysis by XEDS
confirmed the Re/S ratio of 1:4. Found (Theory): Re, 59.51
(59.21); S, 40.49 (40.79). XEDS over several parts of the sample
confirmed its uniformity. IR analysis in the 4000—700 cm™*
range showed no prominent absorptions.

Samples for XAS. Samples for XAS analysis were ground
in a N, atmosphere and passed through a 200 mesh sieve. The
powder was then mixed thoroughly with an equal weight of
carbon black. About 25 mg of the mixture was pressed into a
rectangular wafer using a hydraulic press. The wafers were
approximately 0.5 mm thick, thereby satisfying the condition
that Aux = 1, where x is the effective sample thickness and
Au is the jump in absorption coefficient at the Re L, absorp-
tion edge (10 534 eV). The samples were then mounted on the
vertical stage in a custom-built variable temperature cell,35:36
which is suited for simultaneous in situ X-ray fluorescence and
transmission measurements. The in-situ cell was purged with
helium for >1 h prior to heating the samples. Elevated
temperature measurements were conducted under a flowing
helium atmosphere. The temperature was monitored with a
chromel/alumel thermocouple (Omega) attached directly to the
sample mounting stage. The sample was allowed to equilibrate
for a minimum of 1 h at each temperature prior to data
collection. Acetonitrile solutions of EtyNReS, were studied only
at room temperature and under argon in a custom-designed
liquid sample cell with an exposed solution volume of 0.25 mL
(dimensions 25 x 5 x 2 mm§).

XAS Measurements. The EXAFS measurements were
obtained at the beamline X16C of the National Synchrotron
Light Source (Brookhaven National Laboratory, Upton, NY).
The X16C beamline uses a sagittally focusing double-crystal
monochromator with Si(111) crystals which focus 3.5 mrad of
light into a 0.3 x 0.5 mm? beam spot at the sample. The
intensity of the focused beam (lp) was measured with a 15 cm
long ion chamber filled with a 10:1 mixture of He/Ar. X-ray
absorption data from the sample were measured primarily in
transmission mode by scanning from 200 eV below to 1000
eV above the Re L, edge. A 30 cm long Ar-filled ion chamber
placed after the sample, collinear with the beam, was used to
measure the transmission beam intensity, I.. The Et4NReS,
solution X-ray absorption data was measured in both trans-
mission and fluorescence modes. This was accomplished by
turning the solution cell containing the sample to ~45° with
respect to the beam direction and measuring the intensity of
the transmitted (l)) X-rays and the intensity of the X-ray
fluorescence (Is) from the sample. A 4 cm long, Ar-filled ion
chamber (Lytle detector) placed at 90° with respect to the beam
direction was used to measure l;. A standard, thin Re metal
foil was used to calibrate the beam energy during each Re Ly;-
edge XAS scan for all samples. The calibration measurement
was made with the reference ion chamber (I;) placed down-
stream of I;. The measurements of the absorption coefficient
near the Re Ly, edge in pure Re were taken simultaneously
with the samples of interest by placing the Re metal standard
between the ion chambers I and I, and measuring the
absorption coefficient in I, due to the metal standard. The
characteristic features of the absorption coefficient in pure Re
were later used to accurately calibrate (0.3 eV or better) the
X-ray energy of each scan.

In situ temperature measurements were performed by
heating the sample with a resistor heater while flowing He
gas at 40 mL/min over the sample. The setup and experimental
conditions, overall, were very similar to other in situ reaction
measurements performed at this beamline during the recent
years.36-38
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EXAFS Data Analysis. Our analysis procedure was tested
on ReS; and Et;NReS,; both of these compounds have been
structurally characterized by single crystal X-ray diffraction
(see Introduction) and thus are suitable reference compounds.
The ion ReS, is a molecular species and therefore quite
different from ReS,4, which is expected to be a structurally
complex extended solid. The structural model for ReS, was
constructed using the coordinates from Murray et al.’s crystal-
lographic study,?? which contains two inequivalent Re sites
in the unit cell, each octahedrally coordinated by sulfur atoms.
The Re—S bond lengths in ReS; range from 2.31 to 2.50 A,
the average length being 2.40 A. For each Re site, the six
nearest Re—Re neighbors are divided into two groups with
respect to their lengths, three in each group. These Re—Re
lengths fall into two distinct ranges, one group of three Re—
Re pairs (from 2.69 to 2.90 A) is centered around 2.80 A, and
the second group of three Re—Re pairs (from 3.56 to 3.77 A) is
centered around 3.68 A. This variety of bond lengths is a result
of the sulfur being situated above or below three, two, one, or
zero Re—Re bonds. For our fitting procedure, the Re—S
interactions were modeled theoretically using FEFF6,% using
calculations based on the atomic coordinates of the ReS;
structure. A theoretical, 6-fold degenerate Re—S contribution
to the first shell, with the bond length of 2.40 A, was calculated
and chosen to simulate the entire Re—S shell by varying the
correction to the model bond length, the mean square bond
lengths disorder (¢?), and the coordination number of the pair.
Similarly, two theoretical contributions were constructed with
FEFF6 for two groups of Re—Re distances. To fit more Re—
Re contributions to the EXAFS data, their bond lengths,
disorder, and coordination numbers were varied in the fits as
well. To analyze the data with FEFF theory, we used the
UWXAFS*® data analysis package (programs AUTOBK and
FEFFIT) that utilizes the nonlinear least-squares fitting of
EXAFS theory to the data and evaluates the uncertainties in
the results.

Results

Electrochemistry of ReS,. Using cyclic voltamme-
try, we confirmed the previously reported ReS, /2~
couple at —1120 mV (vs SCE, Figure 2).33 In the anodic
scan direction, we observed a previously unreported
oxidation wave at 0.5 V. This irreversible oxidation
process is coupled to a (reductive) stripping peak at —0.9
V. The stripping peak was not observed unless the
potential was first swept to >0.5 V. If, however, the
oxidation of ReS,~ was taken to very positive potentials,
a large event is observed at 1.6 V, and the stripping
peak at —0.9 V was no longer observed.

The electrodeposition proved to be reasonably revers-
ible. In a typical reaction, the coated electrode could be
removed from the electrolyte solution, rinsed with Me-
CN, and re-reduced at —900 mV in a fresh electrolyte
solution to cleanly regenerate ReS,~, which was con-
firmed by optical measurements. In a coulommetry ex-
periment, an 8 mM solution of EtyNReS, in MeCN was
first swept from —100 to 700 mV (25 mV-s™1), and the
second segment swept from 700 to —1500 mV. Under
these conditions, —1.58 x 1074 C and 9.92 x 1075 C were
transferred, respectively, for a stripping efficiency of
63%. The deviation from unity can be par-
tially attributed to delamination of the deposited ReS,
material from the electrode.
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Figure 2. Cyclic voltammogram of 0.6 mM solution of Ets-
NReS; in MeCN (0.1 M BusNPFg). The sweep rate was 100
mV/s.

Bulk Preparation of ReS,. Prolonged oxidation of
MeCN solutions of EtyNReS, at 0.5 V in a stirred solu-
tion produced a thick black deposit on the working elec-
trode (Pt foil). This solid, which was easily removed by
scraping, proved to be amorphous on the basis of X-ray
powder diffraction measurements. XEDS measurements
showed that the solid retained its Re/S ratio of 1:4.

We also generated ReS, via chemical methods. Both
I, and [Cp2Fe]PFs effect the oxidation, consistent with
their redox potentials of 0.75 and 0.5 V vs Ag|AgCl,
respectively. We intentionally employed a deficiency of
oxidants in order to minimize entrainment of impurities
in the resulting solid; the electrochemically synthesized
material was of higher purity. Elemental analysis
indicated that the chemically produced material con-
tained 10—15% CHN, probably occluded Et;NI or Cp-
Fe. Soxhlet extraction of these solids with MeCN
reduced the level of impurities to 3—5%.

Re L, ;-Edge EXAFS. Given the amorphous nature
of ReS4, we turned to XAS measurements to obtain
structural information on this material. ReS;, Re;S,
and ReS, (synthesized by Fc* and electrochemical oxi-
dation) were analyzed using nearly identical conditions.
Data for EtyNReS, were measured in an MeCN solution
by both transmission and fluorescence modes.

Our EXAFS data for ReS; was satisfactorily fit using
only three contributors (single scattering paths) to the
EXAFS: six Re—S paths of half path lengths (the
interatomic distances) of 2.40 A, three Re—Re paths at
2.82 A, and three Re—Re paths at 3.70 A. Because the
structure of ReS; is known, we did not vary coordination
numbers in the fits. Our fits were good for EXAFS
distances <3 A, where two nearest neighboring shells
contributed to the data (six Re—S pairs and the first
group of three Re—Re pairs). The misfit in the higher r
range is caused by our neglecting further neighbors, i.e.,
ones lying beyond the Re—Re shell. As a consequence,
we do not analyze the data for contributors residing >3
Ain r-space. We do, however, include the second Re—
Re group to fit ReS; data, in order to improve the quality
of the fit in the low r region.

We have fixed the coordination numbers of Re—S and
Re—Re contributions in the ReS, fits as 6 and 3,

Schwarz et al.

Table 1. Comparison of Distances and Coordination
Numbers (CN) for ReS; Deduced from Crystallographic,??
EXAFS from Hibble et al.,?” and the Present EXAFS Data

Re-=S Re—Re CN CN 0% (Re-S) 0? (Re—Re)
(Re—S) (Re—Re)  [A?] [A?]

[A] [A]
XRD 2.3976 2.803 6 3
Hibble  2.362(2) 2.759(3) 6.0(2) 3.2(5) 0.0134(5) 0.015(1)
this work 2.389(7) 2.81(1) 62 3a 0.0059(4) 0.007(1)

2 CN values in EXAFS fits were fixed to be those from the XRD
measurements.

Table 2. Comparison of EXAFS Data for Re,Sy

Re—S Re—Re CN CN 0% (Re-S) 0? (Re—Re)
(Al [A]  (Re—S) (Re—Re) [A7 [A7]

Hibble2” 2.325(2) 2.739(3) 5.0(2) 2.8(4) 0.0182(7) 0.0156(1)
this work 2.354(7) 2.76(1) 5.6(7) 1.7(5) 0.009(2) 0.006(3)

respectively, in agreement with the crystallography, in
order to find the best fit value of the passive electron
reduction factor (Sg? = 0.80(4)) that correlates with
coordination numbers. Sy? was subsequently fixed equal
to 0.80 for the rest of the EXAFS data fits where the
coordination numbers were varied.

Our analyses, and that from Hibble et al.2” for ReS;,
were based on previously published crystallographic
coordinates.?? The interatomic distances deduced in each
of these studies are presented in Table 1; the results
from this study are in slightly better agreement with
the crystallographically determined distances than those
reported by Hibble.

The ReS, data analysis was performed by using k-
weighting to obtain both Re—S and Re—Re distances
by simultaneously fitting FEFF theories of these pairs
to the EXAFS data in r-space. This procedure was
successful due to the relatively small number of fitting
parameters. However, in the samples with unknown
number of neighbors of each type, the difference in
backscattering amplitudes f(k) of Re—S and Re—Re
photoelectron paths complicates the analysis. Namely,
f(k) for Re—S path contributes more strongly to the
shorter k-range of the EXAFS data than that for Re—
Re path, since Re is a stronger scatterer than S. We
obtained better results by emphasizing the contribution
of each bonding pair by using different k"-weightings
(k2 or k3) to fit Re—S and Re—Re contributions, respec-
tively. We first used k2-weighting to Fourier transform
both EXAFS data and FEFF theory in order to refine
the Re—S contribution to the data that affects the lower
k-range stronger than Re—Re contribution. In this
round of the analysis, we fit both theoretical contribu-
tions, Re—S and Re—Re, to the data simultaneously,
using the r-range from 1.6 to 3.1 A. Second, we sub-
tracted theoretical Re—S contribution from the data and
analyzed the resultant differential signal by fitting the
Re—Re contribution in r-range from 2 to 3.2 A using k3-
weighting for both the data and FEFF theory to further
suppress any unsubtracted Re—S contributions and
emphasize Re—Re contributions. The results are sum-
marized in the Tables 1-5. The EXAFS data and fits
are displayed in Figures 3—5. A similar analysis protocol
has been used successfully to analyze separately the
Nb—Nb and Nb—O contributions to the structure of
KNbO3, a material whose EXAFS data suffers from the
same problem as described above.*!

A sample of EtyNReS, was measured as a MeCN
solution by fluorescence EXAFS. These data were fit
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Table 3. Comparison of Bond Lengths (A) and
Coordination Numbers (CN) between ReS; and the
Decomposition Products of Re,;S; and ReS,; at 723 K

Re—S Re—Re CN CN 0?2 (Re—S) 02 (Re—Re)

[A] [A] (Re—S) (Re—Re) [A?] [A%]
ReS, 2.38(1) 2.80(3) 6 3 0.0076(7)  0.009(3)
Re,S; 2.379(7) 2.76(1) 6.3(5) 2.6(5) 0.009(1)  0.010(2)

ReS; 2.379(7) 2.81(3) 5.7(3) 1.7(1.5) 0.0077(7) 0.010(4)

Table 4. EXAFS Data for Re;S; and Its Decomposition
Products at 300, 473, 598, and 723 K

300 K 473K 598 K 723K
Re—S [A] 2.354(7) 2.35(1)  2.34(1)  2.379(7)
Re—Re [A] 2.76(1) 2.759(9) 2.75(1)  2.76(1)
CN (Re—S) 5.6(7) 5.2(5) 6.1(6) 6.3(5)
CN (Re—Re) 1.7(5) 1.4(2) 3.5(8) 2.6(5)
02 (Re—S)[A?]  0.009(2) 0.008(1) 0.009(1) 0.007(6)
02 (Re—Re) [A2]  0.006(3) 0.004(1) 0.008(2) 0.010(2)

using the Re—S path only. From the best fit, we
determined the Re—S distance to be 2.13(1) A and a
Re—S coordination number of 3.5(7). The actual bond
distance as determined by single crystal X-ray crystal-
lography averages to 2.126(5) A.42 Note that the model
correctly predicted the bond distance even though there
are no Re=S bonds in ReS,.

Our Re Ly -edge results on Re,S7 and ReS,, together
with data previously reported by Hibble et al. on Re;Sy,
are shown in Table 2. Regarding Re,S7, the Re—Re and
Re—S bond distances determined by us are close to those
previously reported. The occurrence of terminal Re=S
bonds was ruled out. In particular, our model excludes
such short Re—S bonds (ca. 2.15 A33) because the
resulting o2 would be quite large (~0.15 A2). A unimodal
distribution of Re—S bond lengths, as opposed to a
bimodal one, is the only scenario consistent with ex-
perimental observations.

Our analysis suggested fewer Re—Re pairs (1.7(5) vs
2.8(4)) than previously reported. In this context it is
important to note that in our work we were able to
emphasize the contribution of Re—Re bonds to the total
EXAFS spectrum by k3-weighting procedure. This two-
step fitting procedure leads to a more reliable set of
coordination numbers and distances than the one-step
fitting process adopted in the earlier work. The reli-
ability of the analysis was indicated by the close
similarity of the data obtained for pristine ReS; and a
sample of the same derived by thermal decomposition
of Re,S7 at 723 K (see below).

Sulfur K-Edge XANES Measurements. Sulfur
K-edge XANES spectra provide characteristic “finger-
print” information on the redox state of the sulfur
because of the sensitivity of XANES to the oxidation
state of sulfur and its electronic environment.*3=4> The
energy position of the main XANES peak, which rep-
resents a core-level s—p transition, shifts by about 1.25
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Figure 3. EXAFS fit for the Re—S and Re—Re shells (between
1.6 and 3.1 A), using k?>weighting and k-range from 2 to 10
A-1 for both theory and the data for Re,S; at 300 K (top), the
subtraction of the best fit theory for the Re—S shell from the
data (middle), and the fit to the remaining Re—Re shell
(between 2 and 3.2 A) using k3-weightings and k-range from
2 to 9 A1 (bottom). The mismatch between the theory and
the data below 1.6 A in the top and bottom panes is off the

fitting range and is an artifact of background removal.

Table 5. EXAFS Data for ReS,; and Its Decomposition Products at 300, 373, 473, 543, 573, 673, and 723 K

300 K 373K 473K 543 K 573 K 673 K 723 K
Re—S [A 2.34(2) 2.34(2) 2.366(7) 2.36(1) 2.35(1) 2.371(9) 2.379(7)
Re—Re [A] 2.77(1) 2.75(1) 2.779(7) 2.77(1) 2.787(6) NAa 2.81(3)
CN Re—S 4.6(6) 4.6(7) 6.2(5) 6.8(1.2) 6.2(7) 5.3(8) 5.7(3)
CN Re—Re 2.8(5) 3.9(9) 2.3(3) 3.6(6) 2.6(3) NA2 1.7(1.5)
02 (Re—S) [A?] 0.006(2) 0.007(2) 0.008(1) 0.011(3) 0.009(2) 0.006(2) 0.0077(7)
o2 (Re—Re) [A2] 0.006(1) 0.010(2) 0.006(2) 0.008(2) 0.009(1) NAa 0.010(4)

2 High noise level in some high-temperature data prevented analysigVf [er ReniRd neredisetions e toxididfiencefspedfiar, i.e., ca.
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Figure 4. EXAFS fits for the Re—S and Re—Re shells for ReS,
at 300 K using k?-weighting for the Re—S and Re—Re shells
fitting between 1.6 and 3.1 A and the k-range from 2 to 10
A-1 (top), subtracting the best-fit theory of the Re—S shell from
the data and then fitting the residual with Re—Re contribution
only between 2 and 3.2 A, using k3-weighting and k-range from
3 to 10 A1 (bottom).

10 eV difference between sulfide (2471.3 eV for FeS) and
sulfate (2483.1 eV for Na;SO,). In addition to ReS, and
Re,S7, the standards FeS, FeS,, and Na,SO,4 were also
analyzed.

Our results showed similar XANES spectra for ReS,
and Re;,S7, consistent with the presence of similar sulfur
ligands in these materials. The main peak at 2472.7 eV
is consistent with persulfide (S™) sulfur. Furthermore,
both spectra show a shoulder that becomes evident upon
deconvolution (Figure 6).4® This shoulder function was
fit with peak at 2471.1 eV, which is in the range
expected for S2-. The relative intensities of the two
peaks indicate the S7/S2~ ratios of ca. 3.5:1.6 for Re,S;
and 3.5:1.8 for ReS,. In addition to the main peaks,
several other peak functions are required to fit the
XANES spectra completely. These include an arctangent
function representing electronic transition to the con-
tinuum and several nonspecific localized electronic
transitions.*> Elemental sulfur (S°), which has a char-
acteristic peak near 2473.1 eV, was not observed.

Variable Temperature Measurements. TGA mea-
surements on ReS, revealed a major loss of weight at
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~523 K followed by a more gradual loss up to 1073 K.
The net weight loss corresponded to 26%. The weight
loss calculated for the conversion of ReS, into ReS; is
20.4%. Our sample contained ~5% CHN; therefore, the
total weight loss was anticipated to be 25.4%. The TGA
for Re,S7 showed a weight loss of 22% over the range
385—535 K, corresponding to the conversion of Re,S7
to ReS,.46

EXAFS measurements were conducted on a sample
of Re,Sy as a function of temperature from 300 to 723
K (Table 4). Our EXAFS measurements indeed show
the conversion of Re,S; into a material with the bond
lengths and coordination numbers similar to those found
in ReS, (Tables 3 and 4).

EXAFS measurements were also made on a sample
of ReS, and its decomposition products as a function of
temperature from 300 to 723 K (Table 5).

The Re Ly, edge EXAFS for ReS; shows prominent
features at ~2 and 3 A due to the Re—S and Re—Re
coordination shells, respectively. These data were ana-
lyzed at each temperature using protocols as were
employed for Re;S; data analysis. Both sets of data
indicated that upon heating, both Re,S; and ReS,
material converted to ReS;, consistent with the TGA
data (Table 3).

We do not rule out the possibility that the Re—S
coordination number is underestimated in ReS; and
correspondingly its o2 is overestimated (Table 5), at the
lower measurement temperatures since these quantities
can be correlated in the fitting procedures. One reason
to suspect an underestimation of the ReS CN is that
the otherwise similar compound, Re,S7, has a Re—S
coordination number larger and smaller o2 (Table 4)
than those found in ReS, (Table 5).

Discussion

This report describes the characterization of one of
two known rhenium sulfur phases, Re;S;, and the
synthesis and structural characterization of the new
phase ReS,.

Synthesis. The electropolymerization of a binary
metal sulfide is a reaction that is without precedence,
although electrochemical methods have been employed
with some success in the synthesis of other sulfur-rich
TMS.#" Perhaps most unusual is the noted facility of
the reductive depolymerization of ReSy; this behavior
has not been observed previously for other metal sulfide
phases. The large gap between the deposition and the
re-reduction (stripping) potentials for ReS, suggests that
the polymerization entails a substantial structural
rearrangement, a finding that is in turn consistent with
the XAS results. As has been discussed extensively
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Figure 5. EXAFS data for the Re—S shell at 300 K for ReS,, Re;S7, and ReS; (top row) and 700 K for ReS; and the decomposition
products of ReS, and Re,S; (bottom row). k2-weightings and k-ranges between 2 and 12 A-* and between 2 and 9 A-* were used
for the 300 K data and 723 K data, respectively, in Fourier transforms.

elsewhere, the oxidation of perthiometalates character-
istically leads to reduction of the metal concomitant with
coupling of the sulfido ligands. For example, the oxida-
tion of MoS42~ gives [Mo02(S2)e]?~ and [M02S4(S2)2]%~ .48

Structural Proposals for Re,;S; and ReS,. The fact
that of our XAS analyses accurately reproduce the
structural characteristics of the reference compounds
ReS; and EtyNReS, provided a critical test prior to the
XAS analysis of the amorphous materials Re,S; and
ReS,. The close similarity of Re,S7 and ReS;, is strongly
indicated by the XAS data, as well as their TGA
behavior. Beyond these facts, the structural assign-
ments for the local structures of the Re;S; and ReS,
phases were guided by the following considerations: (i)
XAS data show the presence of both S2~ and S,2-, with
S2- being less abundant than S,?~. Sulfur is not present
as SO (see Sz2~ as found in (CsMes)Re(S3)Cl,).4%(ii)
Rhenium sulfides of nuclearity >2 characteristically
contain triply bridging us-S.1® (iii) Whereas EXAFS
cannot distinguish u»-S vs us-S, the absence of short
Re—S contacts combined with the unimodal distribution

(48) Stiefel, E. 1. Pure Appl. Chem. 1998, 70, 889—896.
(49) Herberhold, M.; Jin, G. X.; Milius, W. Z. Anorg. Allge. Chem.
1994, 620, 299—303.

of Re—S bond lengths rules out terminal sulfides (rre=s
~ 2.14 A). (iv) The Re oxidation state is expected to lie
between 47 (as in ReS;) and 5*. The anion ReS,~ is the
unique example of a ReV! sulfide, but it is stabilized by
four terminal sulfido ligands, which are powerful z-do-
nor ligands. At the other extreme, the octahedral
Chevrel-like rhenium sulfide clusters exist in the 3*
oxidation state,!8 but this structure type is inconsistent
with the EXAFS data.

The above considerations lead to two idealized com-
positions (based on integral Re oxidation states) for
Re;S7: Re'V(S)os5(S2)15 and ReV(S)15(S2)1. Correspond-
ingly, two idealized formulas are indicated for ReS,, ReV-
(S)1(S2)15, and ReV!(S)2(S2)1. EXAFS measurements
indicate that Re,S; and ReS, may differ in the degree
of Re—Re bonding (CN of ~2 and ~3, respectively),
although it is difficult to rationalize more than two
localized Re—Re bonds per d? metal center. The pro-
posed structures are proposed to be members of a
stoichiometric continuum ReV(S)15-1(S2)1-1.5 that differ
in the S27/S,2™ ratio (Figure 7).

The structures proposed for Re,S; and the new phase
ReS, are interesting from a number of perspectives.
Low-dimensional structures of this sort are consistent



158 Chem. Mater., Vol. 16, No. 1, 2004

Transitions
=== Step Function

2471.1eV 2472.7 eV
] [}
[ XANES Spectrum « Sum Fit
| of ReS, - - -5" Peak
! ==+ 8," Peak
: ===+« = Non-specific
| Localized
I
[}

2465 2470 2475 2480 2485 2490

Energy (eV)

Figure 6. Fits for the S K-edge data showing the presence of
sulfur as S?~ (2471.1 eV) and S~ in ReS, (2472.7 eV).

with the finding that ReS, can be reversibly reduced
(albeit with significant overpotential) to ReS,~. A low-
dimensional structure may also be relevant to the high
catalytic activity of Re,S7, due to the intrinsically higher
surface area. One attraction to such sulfur-rich phases
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Figure 7. Structural proposal for Re;S; (top) and ReS,
(bottom), with the compositions ReY(S)1.5(Sz2)1 and ReV(S)(S2)1.s,
respectively.

is that they should be amenable to surface functional-
ization exploiting the reactivity inherent in the persul-
fido (S227) functionality.3%5! These considerations en-
courage us to further explore electrochemical routes to
other sulfided phases from other sulfur-rich monomers
and their surface functionalization.
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